Abstract Electromagnetic (EM) load is one of the key design drivers for the blanket shield block (SB) and other in-vessel components. In this article, an EM analysis method was developed to address the EM force on the SB. The plasma currents, which vary spatially and temporally, are loaded as a filament at each time point. The standard blanket module No.04 (BM04) under major disruption (MD) is selected to perform the analyses. The analyses results are validated by comparing currents on the passive structure. To better understand the effects of cooling channels and slits on the EM force, the case of SB without cooling channel and the case without slits are calculated to make comparisons. The results show that the slits play an important role in controlling the EM load on SB.
Introduction
The electromagnetic (EM) load on the tokamak structure is one of the most key and design-driving issues for the International Thermonuclear Experimental Reactor (ITER). Plasma transients, such as major disruption (MD) and vertical displacement event (VDE), can produce eddy currents in the conducting components surrounding the plasma, which generate a large EM force on these components due to the strong magnetic field in the ITER device. The large EM load generated in the blanket modules poses a potential risk and can damage the blanket. Therefore, EM analysis must be performed for the blanket modules to verify their structural stability under off-normal conditions. In order to get reliable calculation results, plasma transients should be carefully taken into account to describe the EM phenomena inside of the blanket. An accurate estimation of EM load is important for the component design. ITER's blanket provides nuclear and thermal shielding to in-vessel, vessel and ex-vessel components, and it is comprised of a first wall (FW) panel and a shield block (SB). Previous research has indicated that the EM load on the FW is much lower than that on the SB [1] . In this article, we will focus on the eddy currents and EM forces on the SB. The standard blanket module, BM04, was selected for our study. Because the BM04 is located right above the equatorial plane of the device, it can be expected that BM04 has the highest EM load in the inboard blanket modules during the MD event.
SB design has been changed significantly since the ITER In-Vessel Design Review meeting in 2007. The interface has become very complex, due to cut-out by surrounding components (such as FW, in-vessel coils, manifolds, diagnose system) and by SB attachments (such as the central blot for the FW panel support, flexible support, electrical strap, inter-module key, and centring key), see Fig. 1 . In order to remove the nuclear heat deposited in the SB, cooling channels are designed [2] . In order to reduce the EM forces, several poloidal and radial slits are cut through the SB. To some extent, the interface cut-out and cooling channels may mitigate the eddy currents and EM forces. In the current design of BM04 SB, eight radial slits are cut on the top and bottom of the SB. Moreover, six poloidal slits are retained at the front of the SB and two at the back. The amount of the slits is limited because it has to be compatible with the interface and cooling channels. This paper uses the finite element (FE) method to simulate the EM phenomena inside of the SB, and shows the EM analysis result of BM04 SB during MD events. Moreover, the EM analysis results of BM04 SB without cooling channel and without slits, respectively, are presented and compared to show the contribution of cooling channel and slits to the reduction of EM load. The following EM transients have been considered in the analyses [3] : plasma current, and currents of the central solenoid (CS) and the poloidal field (PF) coils. The eddy current generated in the vacuum vessel (VV) is very large, and its impact on the blanket is obvious. Therefore, VV should be included in the analysis model. Other components (such as ports, divertors and blanket modules) surrounding the BM04 can be neglected in an engineering analyses. During the off-normal events, plasmas current varies spatially and temporally, and MHD simulation code, DINA [4] , is employed to get the source distribution in ITER. The outputs of DINA simulations are given in form of an array of current filaments inside the plasma region. In order to properly transform the current filaments to a FEM code package, a regular mesh is required in the plasma region and all of the current filaments from the DINA outputs are loaded on their corresponding mesh filaments, which have the same coordinate at every time point. Up to now, the functional behavior of the plasmas current quench phase is unknown, so two different approximations were prescribed. The first is linear, where the current linearly decreases, while the other is exponential, which is an exponential decay of the current. Previous studies [1] have found that there is no fundamental difference between linear and exponential cases, so we choose only the former for study in this article. The plasma current filament distribution at 0 s, 0.03 s and 0.048 s can be seen in Fig. 2 .
Currents of plasmas, CS and PF coils versus time are also extracted from DINA outputs at each time point. In order to simplify the problem, the TF coil was excluded in the FE-model, and its magnetic field can be added in the post-procession by using the following correlation:
where B TF is the magnetic field by TF coils, and x is the radial coordinate in the global cylindrical coordinate system with the origin located at the machine center.
FE-model
The commercial code package, ANSYS/EMAG, was employed to simulate the EM phenomena in the blanket module. A toroidal 20 o sector model was generated using ANSYS/DM based on a 3D CATIA model. The EM analysis model was composed of the conducting structures of a tokamak including double-wall VV, CS and PF coils, and BM04 SB, see Fig. 3 . According to ANSYS/EMAG [5] , an air element is required to fill all of the free space, including the tiny air gap between the slits and in the cooling channels. The model reflects the main features of the SB, including slits, cooling channels and other cut-outs due to the interface. In order to obtain a better meshing, the circular cross section of the cooling channel has been approximated by a rectangular cross section of equal area. Other slots were modelled in the same way.
Elements, boundary conditions and material
Solid 97 elements were used for all of the conducting structures, coils, air and plasma region, and Infin111 elements were used for the infinite boundary at the exterior of the air region. The elements of Solid 97 with degree of freedom (DOF) of AX, AY, AZ were applied to the non-conducting structure, such as air, plasmas region, and CS and PF coils, while Solid 97 with DOF of AX, AY, AZ, VOLT were applied to the conducting components including VV and SB.
Because the TF coil was excluded in the model, a cyclic boundary condition can be applied on both sides of the 20 o sector. To implement the cyclic boundary condition, a coupled DOF was applied to the pair of nodes on both sides of the sector. For DOF coupling, an APDL code was programmed to pick up the nodes on both sides, and the node on one side was geometrically identical to the node on the other side. At the nodes lying on the main axis of the machine, all three DOFs of AX, AY, and AZ were restrained. SS316L(N) has been selected as the material for SB and VV in ITER. During normal operations, the temperature of VV is approximately 100 o C, and the maximum temperature of BM04 SB is about 350 o C due to nuclear heating [6] , although the temperature of most parts of the BM04 is about 100 o C. To simplify the problem, it is assumed that the temperature of SB and VV is 100 o C, the material properties used in the analyses are summarized in Table 1 . 
Validation of analysis results
The outputs of DINA provide not only the plasma current but also the toroidal currents in the passive structures, such as VV inner/outer shells. Therefore, it is possible to verify the ANSYS results by comparing them with the DINA data. The current density of each element in the VV from ANSYS results was extracted and then multiplied by the area of the corresponding element surface, and then the currents in all of the VV inner/outer shell were added together. Because the triangular support which connects with the inner shell of VV was not included in the FE-model, only the currents in the outer shell were extracted and compared with DINA outputs. The comparison is shown in Fig. 4 , and it can be seen that the results from ANSYS agree well with the DINA outputs. In the case of axis-symmetric configuration (∂/∂y = 0), the magnetic surface of the machine in global cylindrical coordinate system can be obtained according to equation 3.24 of Ref. [7] ψ(x, z) = xA y (x, z),
where A y (x, y) is the component of vector potentials lying in the x-z plane, and it can be directly obtained from ANSYS. Therefore, we extracted the data of the vector potential and radial coordinate, multiplied them, and finally obtained the magnetic surface of the field, see Fig. 5 . This figure allows us to monitor the evolution of the plasmas configuration during the MD event, and also provides us a clear understanding of this offnormal event. 
Eddy currents and EM forces
Several cases have been studied in this article. The first set of results is based on the current SB design. The induced current loop on the horizontal and vertical middle cut planes are shown in Fig. 6 , where an illustration of the induced current loop [6] is also presented. According to Lenz's law, for a current induced in a conductor, the current flows in such a direction that its own magnetic field opposes the change that produced the current self. During an off-normal event, the magnetic field produced by the plasma current varies in the poloidal and radial direction. Therefore, for the BM04 SB, the currents on the horizontal and vertical planes are induced accordingly. It is worth noting that there is no toroidal EM force on the SB.
The eddy current and EM force can be calculated at the element level. The EM force on a certain element can be given by
where j is the eddy current and can be obtained directly from ANSYS. The radial and poloidal component of the magnetic field intensity can be given from ANSYS, and the toroidal component can be calculated from Eq. (1). The net force on each module can be obtained by summing all of the elements. The poloidal and radial EM forces on the SB are shown in Fig. 7 , and the comparisons of EM forces in different cases are made. The first case is a complete BM04 SB with cooling channel and slit, the second case is the SB without cooling channel, and the last case is the SB without slit. As indicated by Fig. 7 , the effect of cooling channels is very small but the effect of the slits is significant because the slits effectively interrupt and change the eddy current path. The specific peak values of radial and poloidal force in different cases during an MD event are listed in Table 2 . In the radial and poloidal directions, the slits can reduce the peak force by 41.2% and 43.7%, at most; however, the cooling channels can only reduce it by 7.5% and 14.0%, at most, respectively. 
Conclusions and discussions
Based on the above EM analysis, the EM load of BM04 SB has been obtained for MD events, which can be used in future structural analysis. Moreover, through a comparative study of the cooling channel and the slits in the SB, two important conclusions can be summarized, as follows:
a. The cooling channels only have a slight impact on the EM load because most eddy currents flow along the outer surface layer of the SB, but the cooling channels only locally interrupt the eddy current path inside of the SB. So, the global current loop is not affected.
Based on this conclusion, from the conservative point of view, a SB model without a cooling channel could be used when a quick estimation of EM force is required.
b. The slit configuration is very important in the reduction of the EM load. During an MD event, an eddy current is induced on the horizontal and vertical plane in the BM04 SB. It can be expected that radial slits have a great impact on the EM load. However, the position of the slit is also important.
